Introduction In the last few years, great interest has been focused on tissue engineering as a potential therapeutic approach for musculoskeletal diseases. The role of metallic implants for spinal fusion has been tested in preclinical and clinical settings. Titanium and tantalum have excellent biocompatibility and mechanical properties and are being used in this situation. On the other hand, the therapeutic role of mesenchymal stem cells (MSC) is extensively explored for their multilineage differentiation into osteoblasts. Objetives In vitro comparision of titanium and tantalum as MSCs scaffolds. Material and methods In the present study, we have compared the in vitro expansion capacity, viability, immunophenotype (both explored by flow cytometry) and multidifferentiation ability of MSC cultured in the presence of either titanium or tantalum fragments. The adherence of MSC to either metal was demonstrated by electron microscopy. Results Both metals were able to carry MSC when transferred to new culture flasks. In addition, our study shows that culture of MSC with titanium or tantalum improves cell viability and maintains all their biological properties, with no significant differences regarding the metal employed. Conclusion This would support the use of these combinations for clinical purposes, especially in the spinal fusion and reconstruction setting.
Introduction
Tissue engineering includes all the procedures that use cells together with a biocompatible scaffold to repair or substitute a defined damaged space within any organ or tissue. The latter not only plays a supportive role but also may directly contribute to the biological action. In addition, several cytokines or growth factors can be added to both cells and scaffolds in order to enhance the final effects [1] .
Mesenchymal stem cell (MSC) research is currently an exciting area of interest, since these cells have the ability to differentiate into several cell types, including osteoblasts, chondrocytes and adipocytes. Another advantage of MSC is the fact that they can be isolated and expanded from several sources, especially from bone marrow (BM) and fat. For all those reasons, they are extensively assessed in musculoskeletal research [14, 16, 21] . In this regard, they have been tested for spinal fusion [10, 11, 13, 15, 18] or for bone defects treatment [17] . In the latter manuscript, a calcium phosphate scaffold was used. This approach is controversial, since this type of ceramic support may be quite fragile for being used in a high load bone segment [14] .
The use of metallic implants has been increasing in the last few decades either for osteo-synthesis or for arthroplasty, as for spinal fusion procedures. This biocompatible metallic materials, although give instant support to bone segment, cannot be reabsorbed and substituted by new bone formation. Nevertheless, they have a tridimensional structure and porosity that favors bone anchorage [4, 23] .
Titanium and tantalum are two metals highly used in the clinical setting because their excellent biocompatibility and their mechanical properties. There are currently several commercial devices for intersomatic spinal fusion, either for cervical and lumbar segments, based on both of them. Although results of spinal fusion techniques using this technology show better fusion rates than the classical procedures, like posterolateral arthrodesis [25] , and even though anterior arthrodesis is still the gold-standard for cervical fusion, there is still a chance of failure [7] . In other cases, where a more complex approach (e.g., corpectomy) has to be performed, a strong fixation of metallic implants is needed to obtain an optimal reconstruction and also to ensure safety.
As it was initially reported by Bruder et al. [5] , loading metallic devices with MSC enhances bone reconstruction when compared to non-cellular devices. Thus, Gastaldi et al. [12] support the use of titanium devices with progenitor cells in order to regenerate damaged bone tissue.
In the present work, we have comparatively analyzed the multiparametric ''in vitro'' characteristics of MSC co-cultured with both commercially available titanium and tantalum fragments that are highly employed in spinal fusion procedures. The working hypothesis was that MSC would adhere to either titanium or tantalum and this construct would not hold back any of their in vitro properties. This would be of great impact to support their rationale for the clinical studies assessing the use of this tissue-engineering approach.
Materials and methods
An outline of all the experiments performed in this study is depicted in Fig. 1 . All the procedures specified below were approved by the Ethical Committee of the Hospital Universitario de Salamanca and were also in accordance with the Helsinki Declaration of 1975, as revised in 2000, and informed consent was obtained from all subjects whose samples were included in the current study.
Scaffolds
Both commercially available titanium and tantalum sources for intersomatic spinal fusion were used in the present study. Titanium was acquired from Synthes Inc. and the trade name is Pliviopore Ò . Tantalum trade name was Trabecular metal-TM Ò from Zimmer Inc. (Fig. 2) . In both cases, fragments from the original piece were obtained by cutting and sterilized using an autoclave.
Samples, MSC isolation and expansion
For the present study, 10 mL of BM were obtained by iliac crest aspiration from five voluntary donors, after specific informed consent was obtained. Median age was 48 years (range 34-59 years) and male/female ratio was 4/1. MSC from BM were isolated as previously described [6, 19] . Briefly, low-density mononuclear cells were isolated by Ficoll-Paque (Biochrom KG, Berlin, Germany) and plated at a cell density of 10 6 MNC/cm 2 on a plastic surface in DMEM (Gibco BRL, Paisley, UK) culture medium containing 10% of pre-selected fetal calf serum (FCS; BioWhittaker, Verviers, Belgium). Culture flasks were maintained in a humidified incubator at 37°C with 5% CO 2 . Twice a week, adherent cells were fed by complete replacement of the medium (and non-adherent cells subsequently washed out). When the layer was 80% confluent, the culture was trypsinized and cells were subcultured onto two or three culture flasks (this is termed as a ''cell passage'') at a cell density of 2.5 9 10 3 cells/cm 2 . Cells underwent three passages in culture, to ensure that all contaminating hematopoietic cells had been totally washed out of the flask. Cell numbers obtained after each passage and the time to reach an 80% confluent layer was recorded in each comparative expansion. 
Multilineage differentiation of MSC
In order to demonstrate the multilineage differentiation potential of MSC in each experimental group, adipogenic, osteogenic and chondrogenic differentiation was induced as previously described [19] .
For osteogenic differentiation, fourth passage MSC were plated at 5 9 10 3 cells/cm 2 in a 9.6 cm 2 slideflask (Nunc, Denmark), grown up to 80% confluence and incubated in osteogenic medium (NH Osteodiff Medium, Miltenyi Biotec, Germany). The medium was replaced every 3-4 days. After 10 days, cultures were washed with PBS, fixed in a solution of ice-cold 70% ethanol for 10 min. For PA staining, slides were fixed in 100% methanol for 5 min, and then washed with PBS and then incubated with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP-NBT, Sigma-Aldrich) during 15-30 min, strictly following manufacturer's instructions.
For adipogenic induction, MSC from both sources were cultured in NH Adipodiff Medium (Miltenyi Biotec, Germany) under the same conditions (37°C with 5% CO 2 ) for 21 days. For oil-red-O staining, slides were fixed 3.7% formaldehyde during 2 min, and then washed. Afterward, slides were incubated with oil-red-O (Merck, Darmstadt, Germany) during 1 h at room temperature.
A chamber slide that contained MSC growing in expansion medium (DMEM with 10% FCS, as described before) without any differentiation cocktail was used as control for osteogenic and adipogenic differentiation.
All sets of slides were washed with distilled water and mounted for optical microscopic analysis.
For chondrogenic differentiation, 5 9 10 5 cells were placed in a 15 mL polypropylene tube and centrifuged. The pellet was cultured at 37°C and 5% CO 2 in 500 lL chondrogenic medium (NH Chondrodiff Medium, Miltenyi Biotec, Germany), following manufacturer's protocol. The medium was changed every 3-4 days. After 21 days of culture, pellets were fixed by immersion in cold (4°C) 4% paraformaldehyde and cryoprotected by immersion overnight in 30% sucrose in phosphate buffer 0.1 M pH 7.4. Then, 5 lm thick sections were cut in a cryostat (Leica CM1850) and serially collected on gelatin-coated slides. After several washes in phosphate buffer sections were processed for toluidine blue staining. Slides were placed on a hot plate and sections were covered with drops of staining solution (1% aqueous toluidine blue and 1% aqueous sodium tetraborate) for 5 min. After that, sections were rinsed several times in distilled water, quickly dehydrated through 95% and two changes of 100% ethanol (several dips each since stain fades quickly in alcohol), cleared in xylene and coverslipped with a resinous mounting medium (Entellan, Merck).
Analysis was performed in an Olympus Provis photomicroscope (Olympus Europe GmbH, Hamburg, Germany), and images were taken and digitalized with a DP-70 digital camera (Olympus Optical CO, GmbH, Hamburg, Germany) adapted to a computer, using the DP Controller v. 1.2.1.108 and the DP Manager v. 1.2.1.107 software (Olympus Optical CO., GmbH, Hamburg, Germany).
Cell adhesion study and expansion of MSC with metal fragments
All the metal fragments were placed in the standard MSC expansion culture medium described above, and human MSC were added. Cell adhesion to either titanium or tantalum fragments were assessed by optical microscopy and electron microscopy after 3 and 14 days of contact, using a Zeiss DSM 940 scanning electron microscope.
As it has been mentioned, metallic fragments of either titanium or tantalum were incubated with 5 9 10 5 MSC in 100-200 lL total volume of expansion medium during 3 days. Afterward, metallic fragments ''carrying'' adhered MSC were placed in an acellular culture flask with MSC expansion media that was replaced twice weekly, until 80% confluence was obtained. As it has been depicted in Fig. 1 , cells were then evaluated for expansion capacity, viability, immunophenotyping and multilineage differentiation. Since most of the techniques have been already described, we will describe next only the viability studies.
Cell viability and apoptosis
To assess viability and/or apoptosis, MSCs were marked with a FITC-conjugated anti-CD90 monoclonal antibody (from BD), as described earlier in this manuscript, to further identify them during the analysis. Cells were then incubated with Annexin-V and 7-actinomycin (7-AAD) that will recognize cells in apoptosis or dead cells, respectively. For this purpose, the commercially available BD apoptosis kit was employed, strictly following manufacturer's instructions. Sample acquisition was performed in a FACSCalibur flow cytometer using the CellQuest software, all from BD. Samples were analyzed using the Infinicyt software (Cytognos, Salamanca, Spain), for the percentage of viable cells (double annexin-V and 7-AAD negative cells).
Results

Expansion of MSC with scaffolds
In all cases, MSCs were ''in vitro'' expanded up to third passage in culture when cultured in the presence of titanium, tantalum or with no metal. The expansion rate was slightly faster for cells expanded with titanium that formed an 80% confluent layer at a median time of 14 days, compared to those expanded with tantalum, that needed a median of 17 days to reach that confluence. Cells with no metal reached the confluence also after a median time of 2 weeks. In all cases, MSCs exhibited their typical spindle shape morphology (Fig. 3) .
Adhesion imaging MSC adhered to either titanium or tantalum occupying the porous structures, as it can be observed with the inverted microscope (Fig. 4) . Regarding scanning electron microscope, as it is depicted in Figs. 5 and 6, MSC did adhere to either metallic surface or displayed cytoplasmic prolongations for anchorage to the porous structure. Although the numbers of adhered MSC was not quantified, they increased with time.
Viability analysis
Interestingly, the median percentage of viable MSC assessed by annexin-V and 7-AAD staining by flow cytometry was significantly higher in the groups cultured in the presence of either titanium or tantalum fragments compared to MSC expanded in the standard conditions without metals, as it is shown in Fig. 7 .
Immunophenotypic analysis
Flow cytometric analysis of MSC expanded after being adhered to either titanium or tantalum showed that these cells maintain the standard immunophenotypic profile in accordance to the International Society for Cellular Therapy definition criteria, without differences regarding any of the groups analyzed, as it is depicted in Fig. 8 .
Multilineage differentiation analysis
In all cases, MSCs adhered to either titanium or to tantalum and further expanded in vitro were able to differentiate into osteoblasts, adipocytes and chondrocytes under specific culture conditions, without differences between groups.
Discussion
Bone repair by tissue-engineering technology requires a cellular source with the ability of differentiation into bone together with a scaffold that allows the adhesion and transport of these cells to the injured tissue. In addition, the scaffold should also have several other characteristics that may enhance the reparative process. Several biomaterials have been tested for this purpose, most of them are resorbable after the repairing process has concluded. In addition, they often have a porous three-dimensional structure that favors cell adhesion and nutrition [2, 11, 17, 24] . Materials tested in the current work have demonstrated an excellent biocompatibility, and provided structural resistance [4, 8, 26] . MSC can be isolated from several sources and display multilineage differentiation ability that includes osteoblastic differentiation. Apart from this property, they display an established immunophenotype and are in vitro expanded based on their property of adherence to plastic surfaces pattern [3, 9] .
Most studies published to date in this setting are focussed on bone repair by combination of progenitor cells with several biomaterials, especially calcium phosphate compounds based on their similarities with the mineral bone phase and their resorbability. The few works that explore interactions of titanium and tantalum with MSC are mainly centred on assessing the effects on the structural architecture, especially the surface [20, 22, 26] .
To the best of our knowledge, our study is the first that specifically and comparatively explores the viability and the multiparametric effects of both metals on MSC obtained from bone marrow. Recently, Gastaldi et al. [12] have evaluated the osteoblastic differentiation capacity of adipose-tissue-derived MSC cultured with porous titanium. They show that cells adhere to the metallic surface and are able to differentiate into osteoblasts. Our work demonstrated not only osteoblastic but also multilineal differentiation capacity. We have compared the titanium effects to those of tantalum showing that co-culturing MSC with both metals increases their viability measured by flow cytometry compared to cells that are cultured without metals as well as preserves their immunophenotypic and differentiation patterns. We have not found any significant difference between both metals, although the expansion rate of MSC cultured with titanium was faster. An interesting finding is the fact that both titanium and tantalum have the ability of tightly carrying MSC on their surfaces and adhered cells can repopulate ''in vitro'' the culture flask when the appropriate expansion medium is present. This would support the idea that MSCs can be safely embedded in either metal before implantation for spinal fusion and reconstruction purposes. This study has some limitations that mainly include quantification of the number of cells directly attached to each metallic fragment, although an indirect estimation of this parameter has been the number of expanded cells ''carried'' by titanium or tantalum fragments. This, again, is mostly an estimation of the number of cells anchored to the surface of the fragments, since it is difficult to assess the proportion of the cells carried in the inner part of each fragment.
Conclusions
Our study shows that culture of MSC with titanium or tantalum improves cell viability and maintains all their biological properties. Both scaffolds are capable of delivering human mesenchymal stem cells without causing a loss of differentiation capabilities. This would support the use of these combinations for clinical purposes, especially in the spinal fusion procedures and reconstructive techniques.
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In Blue: Titanium In Green: Tantalum Fig. 8 Immunophenotypic analysis by flow cytometry. MSC expanded after being adhered to either titanium or tantalum showed that these cells maintain the standard immunophenotypic profile in accordance to the International Society for Cellular Therapy definition criteria, without differences regarding any of the groups analyzed
